One of the key morphogenetic processes used during development is the controlled intercalation of cells between their neighbors. This process has been co-opted into a range of developmental events, and it also underlies an event that occurs in each major group of bilaterians: elongation of the embryo along the anterior-posterior axis [1] . In Drosophila, a novel component of this process was recently discovered by Paré et al., who showed that three Toll genes function together to drive cell intercalation during germband extension [2] . This finding raises the question of whether this role of Toll genes is an evolutionary novelty of flies or a general mechanism of embryonic morphogenesis. Here we show that the Toll gene function in axis elongation is, in fact, widely conserved among arthropods. First, we functionally demonstrate that two Toll genes are required for cell intercalation in the beetle Tribolium castaneum. We then show that these genes belong to a previously undescribed Toll subfamily and that members of this subfamily exhibit striped expression (as seen in Tribolium and previously reported in Drosophila [3-5]) in embryos of six other arthropod species spanning the entire phylum. Last, we show that two of these Toll genes are required for normal morphogenesis during anterior-posterior embryo elongation in the spider Parasteatoda tepidariorum, a member of the most basally branching arthropod lineage. From our findings, we hypothesize that Toll genes had a morphogenetic function in embryo elongation in the last common ancestor of all arthropods, which existed over 550 million years ago.
In Brief
Embryo elongation is a key event in bilaterian development. Here, Benton et al. identify a new subfamily of Toll genes and show that these genes are involved in embryo elongation in a range of arthropod species spanning the entire phylum. Such deep conservation suggests that this Toll gene role existed in the last common ancestor of all arthropods.
SUMMARY
One of the key morphogenetic processes used during development is the controlled intercalation of cells between their neighbors. This process has been co-opted into a range of developmental events, and it also underlies an event that occurs in each major group of bilaterians: elongation of the embryo along the anterior-posterior axis [1] . In Drosophila, a novel component of this process was recently discovered by Paré et al., who showed that three Toll genes function together to drive cell intercalation during germband extension [2] . This finding raises the question of whether this role of Toll genes is an evolutionary novelty of flies or a general mechanism of embryonic morphogenesis. Here we show that the Toll gene function in axis elongation is, in fact, widely conserved among arthropods. First, we functionally demonstrate that two Toll genes are required for cell intercalation in the beetle Tribolium castaneum. We then show that these genes belong to a previously undescribed Toll subfamily and that members of this subfamily exhibit striped expression (as seen in Tribolium and previously reported in Drosophila [3] [4] [5] ) in embryos of six other arthropod species spanning the entire phylum. Last, we show that two of these Toll genes are required for normal morphogenesis during anterior-posterior embryo elongation in the spider Parasteatoda tepidariorum, a member of the most basally branching arthropod lineage. From our findings, we hypothesize that Toll genes had a morphogenetic function in embryo elongation in the last common ancestor of all arthropods, which existed over 550 million years ago.
RESULTS

Toll Genes Drive Germband Elongation in Tribolium
In order to determine whether the role of Toll genes in cell intercalation is an evolutionary novelty, we first asked whether Toll genes function during embryo elongation in the short-germ beetle Tribolium castaneum. In this species, mediolateral cell intercalation has been shown to drive convergent extension of the embryo starting at the stage when the germband forms (known as condensation) [6, 7] and continuing throughout germband elongation alongside cell division [8, 9] . The Tribolium genome contains nine Toll genes [10] , four of which are in the same clade as those reported to have a role in cell intercalation in Drosophila: Tc-Toll6 (Tc-Tl6), Tc-Toll7 (Tc-Tl7, the sole homolog of Dm-Toll-2 and Dm-Toll-7), Tc-Toll8 (Tc-Tl8), and Tc-Toll10 (Tc-Tl10, a gene that Drosophila has lost; Figure S1A ). We analyzed the expression patterns of these genes and found that Tc-Tl7 and Tc-Tl10 are expressed in stripes during segment formation ( Figures 1A, 1B , S1B, and S1C), similar to the Toll genes involved in cell intercalation in Drosophila [2] [3] [4] [5] . Each gene has two distinct phases of expression during segmentation. When segments are specified, they are expressed in domains with double-segment periodicity (primary domains). The primary domains arise at the blastoderm stage, and new domains appear sequentially in the segment addition zone of the germband in a similar manner to the dynamically expressed pair-rule genes [8] . Thus, expression of Tc-Tl7 and Tc-Tl10 is also likely to be dynamic. In addition to being expressed in the ectoderm, both genes are also expressed in the amnion (an extraembryonic tissue that is part of the germband) and the mesoderm (shown for Tc-Tl7 in Figure S1D ), tissues that also undergo extensive cellular rearrangements during germband elongation [6, 12] . As segments mature, both genes become expressed in every segment (secondary domains, Figures 1A 6 and 1B 6 ), leading to a similar pattern to that described in extended germband stage Drosophila embryos [3] [4] [5] .
We registered the expression domains of Tc-Tl7 and Tc-Tl10 with each other ( Figure 1C) , and with those of the Tribolium orthologs of the pair-rule gene even-skipped (Tc-eve [13] , Figures  1D and 1F ) and the segment polarity gene wingless (Tc-wg [14] ; Figures 1E and 1G ). This analysis showed that the primary domains of Tc-Tl7 and Tc-Tl10 partially overlap when they first arise, but then separate during segment maturation ( Figure 1C) . Tc-Tl7 overlaps with the boundaries of even-numbered parasegments (the segmental unit of the embryo), whereas Tc-Tl10 expression is located immediately posterior to boundaries of odd-numbered parasegments ( Figure 1H ). Taken together with the finding that convergent extension is lost after RNAi-mediated knockdown of Tc-eve [9] , these results suggest that the primary domains of Tc-Tl7 and Tc-Tl10 are regulated by the pair-rule gene network that underlies segment generation [15] . To investigate this further, we did examine the expression of Tc-Tl7 and Tc-Tl10 in Tc-eve RNAi embryos, and we observed a loss of periodic expression (data not shown); however, given that (legend continued on next page) knockdown of Tc-eve (or the other primary pair-rule genes) prevents the formation of most segments [15] , more advanced analysis is required to determine the specific regulatory links in this pathway. In addition to the domains described above, we also found that Tc-Tl7 and Tc-Tl10 are expressed in other tissues, such as the serosa (another extraembryonic tissue [16] ), the head primordium, and the developing appendages.
To test whether Tc-Tl7 and Tc-Tl10 are actively involved in germband extension, we used parental RNAi [17] to knock down their function. Although disruption of either gene alone did not substantially affect hatching rates, simultaneous knockdown of both genes resulted in a major reduction in hatching rates and severe morphological defects (Supplemental Experimental Procedures and data not shown). To determine whether these defects were caused by problems with cell intercalation, we carried out live imaging of fluorescently labeled Tc-Tl7+Tc-Tl10 double RNAi embryos and tracked single cells during embryo condensation (the stage at which cell intercalation is most easily observed [6] ). This analysis showed that the mediolateral intercalation seen in wild-type embryos was severely reduced in double RNAi embryos (Figures 1I and 1J and Movie S2). This phenotype is as strong as the intercalation defects caused by knockdown of the Tribolium ortholog of caudal [6] (an essential regulator of segmentation) and is more severe than disruption of all three cell intercalation Toll genes in Drosophila [2] . Consistent with these defects, knockdown embryos failed to elongate as much as wild-type embryos ( Figures 1K and 1L-1N and Movie S1): 9 hr after cell closure, wild-type embryos had, on average, elongated to a length of 896.25 mm (n = 4, s = 56.92), whereas knockdown embryos had, on average, elongated to a length of 555.17 mm (n = 12, s = 110.38).
To confirm that the cell intercalation defects were not caused by disruption of segment specification, we knocked down Tc-Tl7+Tc-Tl10 and stained elongated embryos for Tc-wg. Although these embryos exhibited defects in the normal Tc-wg pattern, they also had the same number of segments as wild-type embryos (n = 13; Figures 1O, 1P , S1G, and S1H). Furthermore, stripes of Tc-eve expression appeared normal, albeit closer together in Tc-Tl7+Tc-Tl10 double knockdown embryos, providing support that these genes do not feed back on Tc-eve expression ( Figure S1E and S1F).
From our combined analysis of live and fixed embryos, we conclude that Tc-Tl7 and Tc-Tl10 have a direct function in cell intercalation that is homologous to what is known in Drosophila. In addition, bioinformatic analyses indicated that members of the Tl6/7/8/10 clade are longer and encode more leucine rich repeats than those outside the clade (also true for the other species we examined; Table S1 ). Based on this finding, and on the conserved role in embryo elongation, we have named this clade the ''Long Toll'' clade (abbreviated to Loto).
Toll Genes Exhibit Striped Expression in a Diverse Range of Arthropods In order to uncover how widely conserved the role in cell intercalation is, we analyzed the Toll gene family in three diverse insects: the wasp Nasonia vitripennis, which exhibits the long germ mode of embryogenesis (diverged approximately 350 million years ago (Ma)) [18, 19] ; the milkweed bug, Oncopeltus fasciatus, which exhibits sequential segmentation like Tribolium but whose embryos undergo extensive rearrangements in the egg (diverged approximately 375 Ma) [19, 20] ; and the cricket Gryllus bimaculatus, which also exhibits sequential segmentation, as well as several other features that are thought to be ancestral among insects, such as a small embryonic primordium compared with egg size (diverged approximately 390 Ma) [19, 21] .
All three insects have clear orthologs of each of the Loto clade genes ( Figure S1A ), and we examined their expression in each insect. In Nasonia, Nv-Tl7 and Nv-Tl10 are expressed in stripes and the domains for both genes arise in an anterior-to-posterior progression (Figures 2 and S2A) , similar to the Nasonia pairrule genes [22] and consistent with the expression patterns in Tribolium (Figure 1 ). In both Oncopeltus and Gryllus, orthologs of Tl7, Tl8, and Tl10 are all expressed in stripes. In Oncopeltus, expression is first detected at the blastoderm stage; however, technical difficulties prevented us from determining the earliest expression patterns in Gryllus. During germband elongation in both animals, new stripes of expression for each gene appeared in the segment addition zone (Figures 2, S2B , and S2C). Secondary domains were also present in each species, but the appearance of these domains was highly variable for each gene (Figures 2 and S3 ). Similar to Tribolium, each gene described here was also expressed in the head, appendages (where present), and extraembryonic tissue.
We next asked whether Toll genes have a conserved function in germband extension outside of the insects, something that seems unlikely given the considerable diversity in modes of embryogenesis [23] [24] [25] and in Toll family genes [26] between non-insect arthropods. To answer this question, we identified and analyzed the relevant Toll genes in representatives of each of the three major arthropod lineages: crustaceans, myriapods, and chelicerates, each of which diverged approximately 525, 550, and 560 Ma, respectively [19] . In the crustacean Parhyale Figure S1 and Movies S1 and S2.
hawaiensis [27] , we identified four genes that clustered with the Loto clade ( Figure S3A) . We analyzed the expression of each gene and found that one, which we have named Ph-LongTollA (abbreviated to Ph-LotoA), is transiently expressed in odd-number parasegments (Figure 2 ). Unlike Toll genes in the other animals examined here, this gene only exhibits a single stripe of expression at any one time (Figures S3B). In the centipede Strigamia maritima [28] , we identified one gene (Sm-LotoA) that branches within the Loto clade ( Figure S3C ), and this gene is expressed in a striking striped pattern (Figures 2 and S3D ). Expression appears in the posterior of the embryo and is very similar to expression of the Strigamia even-skipped paralogs [29, 30] . In the spider Parasteatoda tepidariorum [31] , we identified five genes that group together in a clade that branches with the insect Loto clade ( Figure S3E) . We analyzed the expression of these genes and found that two are expressed during embryo formation (Figures 2, S3F, and S3G) . Pt-LotoA is expressed in the presumptive cheliceral segment and the second to fourth walking-leg segments, and striped expression domains appear sequentially during formation of the opisthosoma (the spider abdomen). This striped expression is also remarkably similar to the expression of the Parasteatoda pair-rule genes [32] . Pt-LotoB does not show a segmental expression pattern, but is instead expressed in the presumptive third walking-leg segment and in the caudal lobe (the posterior segment addition zone of spiders).
Toll Genes Have a Morphogenetic Role in Parasteatoda Germband Elongation
To functionally test whether the genes we identified have a role in germband elongation, we knocked down Pt-LotoA and Pt-LotoB in Parasteatoda, the most basally branching animal in our study and the only non-insect arthropod in which cell intercalation has been shown to be involved in germband elongation [33] . We used parental RNAi to knock down each gene separately, as well as simultaneously, and analyzed the effects on germband development. Simultaneous knockdown of both genes resulted in germbands that were substantially wider than wild-type embryos ( Figure 3) . As in Tribolium, staining for a segment polarity gene revealed that overall tissue morphogenesis was abnormal, whereas segment specification itself was not affected (Figures 3C and 3D) . Knockdown of Pt-LotoA alone also caused a statistically significant widening of germbands, although this was stage specific ( Figure 3E ). Surprisingly, germband length was not affected in either knockdown, and knockdown embryos had substantially more cells than wild-type embryos ( Figures 3A-3D and data not shown) . Spider embryos exhibit a high capacity for regulatory development (discussed in [31] ), and given that Wnt and Notch signaling are both required for germband elongation [36, 37] , size regulation via these pathways could explain why germband length is unaffected. Given the striped expression of Pt-LotoA and the fact that double knockdown of Pt-LotoA+B resulted in significant widening of the germband, we propose that these genes are required for proper cell rearrangements during germband elongation.
DISCUSSION
Here we show that genes from a specific Toll subfamily are expressed in stripes during germband elongation in seven diverse arthropods. Furthermore, we functionally demonstrate that these genes are required for normal morphogenesis during germband elongation in Tribolium and in Parasteatoda. Taken together, our findings suggest that members of the Loto subfamily of Toll genes have conserved morphogenetic functions across the arthropods, raising the possibility that this function was present in the last common ancestor of all arthropods.
When considering previous work in Tribolium, it is now possible to propose a regulatory scenario in which Tc-cad is required for expression of the pair-rule genes [38, 39] , which are themselves required for the periodic expression of Tc-Tl7 and Tc-Tl10 (although the specific regulatory links are unknown) that drive convergent extension of the germband. Less is known about the cellular basis of development in the other animals studied here, and although we find it likely, it has yet to be shown whether cell intercalation occurs during germband extension in most of these species. However, given that caudal is required for even-skipped expression in Nasonia [22] and Gryllus [40] , that even-skipped knockdown causes defects consistent with loss of cell intercalation in Oncopeltus [20] and Gryllus [41] , and the similarity in the expression patterns of the Loto Toll genes and the pair-rule genes in both the insects and non-insect arthropods, we hypothesize that the scenario described above for Tribolium may be conserved in other species. Despite such broad similarities, there are also striking differences between the expression patterns of each Toll ortholog within the insects. Not only do specific orthologs gain or lose striped expression in different lineages, but the position of the stripes with respect to the parasegmental boundaries can vary for the same ortholog in different species. It will be fascinating to discover what functional consequences these evolutionary changes have (if any) and how the regulation of these genes has evolved.
Another compelling question is whether the role of these genes in morphogenesis is restricted to the germband during embryo elongation. The Loto Toll genes are also expressed in the embryonic head, appendages, mesoderm, and extraembryonic tissues, and it is possible that these genes have conserved morphogenetic functions in each of these tissues. Such functions may not be limited to embryonic tissue either, as in Drosophila, Loto clade Toll genes have been shown to function in a wide range of processes, such as ovary development [42] , leg and wing development [43, 44] , salivary glands [45] , and nervous system development [46, 47] . It is important to note, however, that the specific function of these genes may have become modified in different situations. For example, embryo elongation in Parhyale is largely effected by highly controlled cell rearrangements, rather than cell intercalation, and Ph-LotoA is expressed during one such round of division. Given the conspicuous timing, it is possible that Ph-LotoA is required for proper cell sorting after division, although functional analysis is required to test this hypothesis.
While the axis elongation function for Toll genes described here may be arthropod specific, it is possible that genes from this family have similar functions outside of the arthropods. For example, mutation of the single Toll homolog in the nematode Caenorhabditis elegans, causes severe embryonic defects [48] that could be explained by disrupted cell sorting. Toll genes exist in almost all animals, although previous analyses of these genes in model systems have focused on their widely conserved role in immunity [49] . More carefully targeted studies and combinatorial gene disruption may reveal a widespread role in cell intercalation and tissue morphogenesis. Our findings, together with the recent discoveries that Toll genes function in such integral cellular processes as wound healing and cell competition [50, 51] , force a re-evaluation of our understanding of how this gene family evolved.
EXPERIMENTAL PROCEDURES
Full experimental procedures can be found in the Supplemental Experimental Procedures.
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Nucleotide sequences of Loto clade genes for all animals used in this study are available online; accession numbers are listed in Table S1 . 
